A cloned Bacillus subtilis gene (sprE) expressed only during the stationary growth phase is shown to encode the subtilisin E protease, an enzyme associated with sporulation. We have determined the DNA sequence of the sprE promoter region and the promoter-proximal half of the structural gene. The sprE gene codes for a putative 29-residue signal peptide and a 77-residue leader peptide preceding the mature subtilisin sequence. By plasmid integration and phage PBS1 transduction, we have mapped the sprE locus between glyB and metD on the B. subtilis chromosome, a region also containing the hyperprotease-producing hpr gene. In vitro the sprE gene is transcribed by the minor form of RNA polymerase containing a 37,000-dalton a factor (a,37). We show by S1 nuclease mapping that sprE transcription initiates at dual start sites both in vitro and in vivo and that the promoter for the downstream site has a characteristic a,37 recognition sequence.
Bacillus subtilis has a major form of RNA polymerase analogous to the Escherichia coli enzyme (1) and at least four minor holoenzyme forms of unknown physiological function (2) (3) (4) (5) . These polymerase forms differ by their associated a factors, each of which confers a characteristic promoter specificity on the holoenzyme in vitro. Losick and Pero (6) have suggested that the multiple holoenzyme forms control sporulation gene expression in vivo by a cascade mechanism, in which polymerase activities of changing promoter specificity are sequentially induced. Evidence to support this model remains limited and as yet none of the minor polymerase forms has been shown to transcribe a gene of known function. We show here that the gene encoding the extracellular subtilisin protease, sprE, is transcribed by the RNA polymerase containing a 37,000-dalton a" factor (a37).
The subtilisin protease, also known as serine protease, alkaline protease, and bacillopeptidase E, is one of three extracellular proteases produced at the end of vegetative growth (7) . This protease has been circumstantially implicated in sporulation control (8) and its expression is affected by the same physiological conditions or genetic lesions that affect the sporulation process. Subtilisin expression is repressed by glucose (9) and blocked by several spoO sporulation mutations (8) . Expression is enhanced by a number of loci (10) , including the catA (11) , hpr (12) , and scoC (13) mutations, which may comprise a single locus (13, 14) . But the subtilisin structural gene itself has proven resistant to conventional genetic analysis (15) and, in the absence of sprE mutations, the developmental role of the protease remains unclear.
We report elsewhere (16) the use of the pGR71 expression (21) and sequences were determined by the Maxam-Gilbert method (20) using the procedure of Ruther et al. (22) . Fragment 5 is the 370-nucleotide Hpa II probe used for S1 mapping, 5' end labeled as shown by the asterisk.
described by Maxam and Gilbert (20) . S1 nuclease mapping tion (26) , and for transformation (27) . Auxotrophic markers was carried out by the Berk and Sharp procedure (24) with were selected or scored on minimal glucose medium (28) modifications described by Gilman and Chamberlin (23) .
supplemented with the appropriate amino acids and the Genetic Methods. We followed published methods for sprE: :cat marker was selected on tryptose blood agar base making PBS1 transducing lysates (25) , for PBS1 transducplates (Difco) containing chloramphenicol at 5 ,g/ml. We (16) . As shown in Fig. 1 , we located the ur37 promoter by runoff transcription to a region 400 bp from the point of fusion ofB. subtilis DNA with the pGR71 CATgene.
We determined the DNA sequence of the promoter-proximal part of the gene by the Maxam-Gilbert method (20) , using the strategy shown in Fig. 1 . The 602-nucleotide sequence is shown in Fig. 2 Beginning with the alanine residue at position 107 and continuing to the site of fusion after the serine residue at position 155, the amino acid sequence is identical in 46 of 49 residues to the published NH2-terminal sequence of subtilisin BPN' and matches the subtilisin Carlsberg sequence in 33 residues (17) . In two of the three differences between subtilisin BPN' and our sequence, at residues 114 and 149, we find the isoleucine and asparagine residues of the Carlsberg enzyme, whereas the third difference, an arginine at residue 151, appears variable among the three sequences. These results are consistent with the immunological data of Hageman and Carlton (29) Tandem initiation sites have been observed for the Bacillus thuringiensis crystal protein gene (33) and the spoVG gene (32) . Fig. 2 . A 35-bp region of dyad symmetry overlaps the promoter region as indicated, and the ribosome binding site on the mRNA has the sequence pppA-A-A-A-G-G-A-G-A-G-G-G-U, which has a calculated binding energy with the B. subtilis 16S rRNA of -13.5 kcal/mol (1 cal = 4.18 J).
The sprE Gene Encodes a Prepropeptide. We chose GUG as the initiation codon based on the presence of the ShineDalgarno sequence immediately upstream. The deduced sequence of the subtilisin shows a putative signal peptide (residues 1-29) followed by a propeptide of 77 amino acids (residues 30-106) preceding the 49 residues of the NH2-terminal portion of the mature subtilisin enzyme (residues 107-155). The 29-residue signal peptide has a short positively charged 
sprE (P2) A-G-T-C-T-T-T T-A-A-G-T-A-A-G-T -C-T-A-C-T -C T-G-A-A-T-T-T-T-T -T ctc A-G-G-T-T-T-A A-A-T-C-C-T-T-A-T -C-G-T-T-A-T-G G-G-T-A-T-T-G-T-T -T spoVG (P1) A-G-G-A-T-T-T C-A-G-A-A-A-A-A-A-T-C-G-T G-G-A-A-T-T-G-A-T -A A-G-G -T-T-T +-13-16 bp --G-G-A-A-T-T-G-T-T -T
The ctc and spoVG sequences are from Moran et al. (31, 32) . Bases common to all three sequences are indicated by bold-faced type in the -35 and -10 consensus sequences shown. region followed by a long sequence of hydrophobic amino acid residues and ends with the Ala-Gln-Ala-Ala sequence typically recognized by signal peptidase (34) . The long highly charged propeptide (35% charged residues) preceding the mature subtilisin sequence is uncommon among prokaryotic enzymes. The propeptide-which may regulate subtilisin activity-must be cleaved after the tyrosine residue at position 106 to yield the NH2-terminal alanine on the mature enzyme (17) . 4 . Genetic map of the sprE region of the B. subtilis chromosome, constructed from the four-factor cross shown in Table 3 . The arrow tails indicate the selected marker, and genetic distances are shown as 100 minus the percentage cotransduction and in parentheses as t x 100 (14) . Reciprocal recombination values between sprE::cat and either glyB or metD were unequal, with the genetic distance appearing greater when sprE::cat was the selected marker. hpr and glyB were 99% linked and the order with respect to one another is tentative (see text), so we have represented these markers as a single locus. Selection from this locus was for Gly'. the 1250-bp HindIII fragment containing the sprE promoter to the integrative plasmid pCP115, a chloramphenicol-resistant (Cmr) derivative of pCP112 (36) (14) .
For multifactor crosses we constructed the DB33 donor strain by moving the sprE::cat locus and the hprlO allele into the DB25 genetic background (Table 1) . Data from the cross shown in Table 3 were used to construct the genetic map in Fig. 4 Genetics: Wong et aL 51 (19) lapping of the subtilisin promoter and the 35-bp region of dyad symmetry is suggestive of a binding site for a regulatory protein, since such sites frequently contain regions of dyad symmetry (42) . The conventional genetic analysis of sprE has been difficult (15) . By a combination of recombinant DNA and classical genetic methods we have unambiguously located sprE between glyB and metD on the B. subtilis genetic map (14) .
This position is distantifrom the locus between aroD and lysi reported by Leighton et al. (43) for their tsS mutation, which caused both sporulation and the subtilisin protease to become temperature sensitive. Millet et al. (15) suggested that tsS, like their similar tsl9, is comprised of two separate mutations, one affecting sporulation and the other, the subtilisin protease. Although the tsS allele is clearly not the structural gene for the subtilisin protease, the ts5 product may interact with the protease and thus render it temperature sensitive, a possibility recognized by Leighton and his colleagues (43) .
In Fig. 4 we have adjusted the marker order and genetic distances in the glyB region (14) and have found that sprE maps near hpr, another locus that affects protease activity (12) . The hpr locus might include catA and scoC (13, 14) , loci that increase protease expression and render it and sporulation less sensitive to glucose repression. The molecular basis of these effects is unknown.
Our suggestion of a specific role of a37 RNA polymerase-transcription of the subtilisin E gene-expands the possible roles for the other minor RNA polymerase holoenzymes. Are they involved only narrowly in the transcription of sporulation-specific genes or perhaps more broadly in controlling other aspects of stationary cell physiology and the critical transition from logarithmic growth? These aspects could include the expression of catabolite-repressed genes, genes regulated by growth phase, and genes encoding extracellular enzymes as well as genes directly involved in the sporulation process.
Note Added in Proof. Since this paper was submitted, Wells et al. (44) have reported the DNA sequence of the subtilisin BPN' gene from B. amyloliquefaciens. This gene encodes prepropeptide and amino-terminal regions similar to the subtilisin E gene described here, but the two genes differ substantially in their putative control regions.
